Piezoelectric sensor array-based spatial filter technology is a new promising method presented in research area of structural health monitoring (SHM) in the recent years. To apply this method to composite structures and give the actual position of damage, this paper proposes a spatial filter-based damage imaging method improved by complex Shannon wavelet transform. The basic principle of spatial filter is analyzed first. Then, this paper proposes a method of using complex Shannon wavelet transform to construct analytic signals of time domain signals of PZT sensors array. The analytic signals are synthesized depending on the principle of the spatial filter to give a damage imaging in the form of angle-time. A method of converting the damage imaging to the form of angle-distance is discussed. Finally, an aircraft composite oil tank is adopted to validate the damage imaging method. The validating results show that this method can recognize angle and distance of damage successfully.
Introduction1
Structural health monitoring (SHM) technology adopts the concept of intelligent materials and utilizes the sensors/actuators network which is integrated in structures to obtain information about the health state of structures online, such as stresses, strains and temperatures. It adopts advanced signal processing methods and mechanical modeling methods to extract the characteristic parameters to recognize the damage state of structures so as to realize the self-diagnosis of structures, improve their safety, reduce their maintenance cost and extend their service life [1] . Among the existing researches of SHM technology， PZT sensor array and active Lamb wave-based SHM method is considered to be one of the promising methods to monitor small damages such as fatigue cracks, delaminations, etc [2] [3] [4] [5] [6] . Among the Lamb wave SHM methods, PZT sensor array-based spatial filter technology is a new promising method presented in the recent years. The concept of spatial filter was first used in optical information processing, then it was applied to medical research area and image processing to improve image quality [7] [8] [9] [10] [11] . Purekar, et al. introduced the spatial filter into the area of SHM [12] [13] [14] . In their presented work, phased array signal processing and the unique directional filtering properties allow the signals of sensors to be interpreted in a useful manner. By using the spatial filter properties, the sensor signals are deconstructed in the wave number domain and related to direction of signal Open access under CC BY-NC-ND license.
propagation. By steering the angle of the spatial filter, only Lamb wave signals propagating from certain direction can be reserved in the signals processed. This will help to scan structural state at a certain direction. Since boundary and type of structure are known before monitoring process, this method can help to distinguish the damage from the boundaries or the ribs and holes [15] [16] . Though the above-men-tioned literature demonstrates useful results, the structures used in research are all aluminum plates. In the damage imaging process, elastic modulus and Poisson ratio are needed to calculate the equivalent bending stiffness to simplify the phase information in signal synthesis process and achieve the goal of damage imaging. For composite structures, the elastic modulus and Poisson ratio are different in each direction. It is very difficult to obtain the equivalent bending stiffness.
This paper proposes a spatial filter-based damage imaging method improved by complex Shannon wavelet transform. Complex Shannon wavelet transform is used to obtain analytic signals of Lamb wave signals to improve signal synthesis process of spatial filter. It avoids using structural parameters which are difficult to obtain in different directions of composites. The damage imaging principle of spatial filter is introduced in Section 2.1. Section 2.2 presents the improving process of using complex Shannon wavelet transform. Section 2.3 discusses the sensor array discretization. Section 2.4 presents the final damage imaging method and its implementing process. This method is validated on a complex composite structure of an aircraft oil tank in Section 3. Section 4 gives out a conclusion.
Principles of Improved Spatial Filter

Method of spatial filter
When a set of Lamb wave signals are excited in a structure, the wave number of the signals is supposed to be k , which represents the propagation direction and property of the signals. If a continuous linear sensor array is placed on the structure, the output synthesis signal of the sensor array can be expressed as
where ψ represents the output synthesis signals; f(x, y) the output signal of each sensor in the sensors array, where x, y are coordinates of the sensors. The term of A represents the area of the sensors array. Building a Cartesian coordinate and making the X axis along the sensor array just as shown in Fig. 1 , the synthesis signal can be simplified as ( )
If a weight function φ(x) is applied to the output signals of each sensor, Eq. (2) can be written as Therefore the output of the sensor array depends on the weight function. The weight function can be interpreted as filter which is applied to signals of sensors in spatial domain. According to the filtering effect, synthesis signal ψ(t) can be considered to represent some information of a special area of spatial domain. This is the basic concept of spatial filter. To be a good spatial filter, the design of weight function φ(x) which is also called filter is very important.
Transforming the spatial filter in spatial domain to wave number domain, Eq. (3) can be expressed as
where Φ (k x ) and V(k x ,t) represent the weight function and the expression in wave number domain of signals of the sensors, respectively. An idea spatial filter is shown in Fig. 2 , where k x,max and k x,min represent the upper and the lower limit of the wave number, respectively. Signals can be synthesized at a special wave number and cannot synthesize at the other wave numbers. The parameters of this idea spatial filter can be compared with frequency spectrum of a digital filter. k x and Φ (k x ) can be compared with the frequency and the amplitude of the frequency spectrum. While k x,max and k x,min can be compared with the widths of the frequency spectrum. In the frequency spectrum, only positive frequency part is used and in the spatial filter, both positive part and negative part are used to show the incident direction of the signals. 
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The weight function has a real part and an imaginary part. The real part is an even function which indicates that the weight function is symmetric relative to the center of the sensor array. According to the weight function, Eq. (3) can be changed to
It is the signal synthesis expression of the spatial filter. In Refs. [13] - [14] , to avoid the calculation of imaginary part, ψ(t) was changed to Eq. (7) based on the parameters of an aluminum structure which was the research focus of this reference:
where k = , For composite structures, the elastic modulus and Poisson ratio are different from each direction and the structures usually have many ribs and bolt-holes. So it is very difficult to obtain the equivalent bending stiffness of these kinds of structures. This paper adopts the complex Shannon wavelet transform to obtain the analytic signals of Lamb wave signals to improve the spatial filter method.
Improved spatial filter method
Continuous complex wavelet transform has a high time-frequency resolution. It can extract signal components of the signal at a special scale. In SHM, five-peak narrow band frequency wave [1] is one of the excitation signal which is usually used to excite Lamb wave in structures. The central frequency of the excitation signal and the sampling rate can be known before hand. So they can be used to construct the wavelet scale to extract special signal components in response signals of sensors. Depending on the signal component, the analytic signal can be constructed.
The continuous complex wavelet transform of signal f(t) can be defined as 1 2 WT
where the symbol '-' indicates the conjugation of the complex function, the parameters a and b are scale factor and time factor, respectively. The complex Shannon wavelet transform can be defined as 
where Real and Imag represent the real part and the imaginary part of the complex coefficients obtained by complex Shannon wavelet transform of signal f(t). So Eq. (3) can be changed to
It is the signal synthesis expression of improved spatial filter of continuous linear sensor array.
Sensors array discretization
Sensor array is constructed by many independent sensors, which is called discretized sensor array shown in Fig. 3 . No.5
The discretized sensors array is constructed by N sensors. N is an odd number. Eq. (13) can be obtained by discretizing Eq. (12):
where 2 1 2
. Just as Fig. 1 and Fig. 3 show, the X axis of Cartesian coordinate is established along the sensor array. So there exists the following relationship of wave numbers:
According to Nyquist sampling rule of time domain, the relationship between array spacing Δx and wave number k is Δxk≤π, so the maximum wave number is k max ≤π/Δx. This is the limiting condition of wave number which can be used.
Damage imaging method based on improved spatial filter
The signal synthesis expression of improved spatial filter of discretized sensor array can be obtained by combining Eq. (5) and Eqs. (13)- (14):
The energy of synthesis signal at angle θ can be obtained by calculating the value of modulus of ψ(t) in Eq. (15) . So the energy of synthesis signal at angle 0° to 180° can be obtained. Imaging the energy at each angle, the form of angle-time of damage imaging is obtained. In the damage imaging, the angle and the time of the area having higher energy can be judged to be the damage area. The time of the damage imaging is relative to sampling zero point and cannot give the position of the damage directly.
Response signals of sensors are excited by an actuator. In the temporal domain, the time of flight of Lamb wave at a given frequency to and from the damage location is t=t 1 +t 2 ≈2l/C g , just as shown in Fig. 4 , where l is the distance of the actuator to the damage and C g the group velocity. According to the time of flight and the group velocity, the distance of actuator to the damage location can be determined. If the actuator is placed at or near the center of sensors array, the position of the damage can be represented to be the angle and the distance to the center of the sensor array approximately. In the paper, the position of the actuator is called a monitoring reference point. The time of the damage imaging in the form of angle-time is relative to sampling zero point. Suppose the pre-samples of the signal acquisition is P, the sampling rate is f s , then the time axis denoted by T of the image can be converted to distance axis denoted by D damage depending on the following equation:
The trigger source of the signal acquisition is excitation signal.
The implementing process of the damage imaging method based on the improved spatial filter is shown in Fig. 5 .
(1) Inputting response signals of sensor array in health and damage state of structure to the calculation module of the improved spatial filter (CM-ISF).
(2) Setting and sending sweeping angle θ to CM-
ISF. (3) Calculating the synthesis signal at sweeping angle θ according to each output of CM-ISF. (4) Repeating
Step (2) and Step (3) to obtain the synthesis signals at sweeping angle 0°-180°.
(5) Imaging the energy of the synthesis signals in the form of angle-time.
(6) Converting the image to angle-distance image according to the position of the actuator. The improved spatial filter calculation module is shown in Fig. 6 . h(t) and d(t) are response signals of sensor array in health and damage state of structure, respectively. Damage scattering signal s(t) can be obtained by subtracting h(t) and d(t). Analytical signals Z(x,t) of s(t) can be obtained by complex Shannon wavelet transform. SPA is the generator of spatial filter which depends on Eq. (14) . So the spatial filter weight No.5
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Experimental Study of Improved Spatial Filter
Experimental setup
The 3D picture without upper and lower surfaces of the experimental object shown in Fig. 7(a) is an oil tank of an aircraft supplied by an institute of aircraft design of China. The dimension of the oil tank is 610 mm long, 310 mm wide and 240 mm height. The main structural body of the oil tank is 7050-T7451 aluminum plates. The upper and lower surfaces of the oil tank are T300/QY8911 laminated composite plates. They are bonded and fixed on structural body by epoxy adhesive and double-row bolts. The thickness of the laminated composite plates is non-uniform. The thickest is in the middle of the plate with 7 mm and the thinnest is at the two ends of the plate with only 4.5 mm. The material property of each layer of the laminated composite plates is shown in Table 1 Fig. 7 (b) ).
The photo of the oil tank and the placement of the sensor array are shown in Fig. 8 . The sensor array contains seven sensors. The distance of each two ad- jacent sensors is 10 mm. The center of the sensor array is set to be the original point. The actuator is placed on Y axis and the distance between actuator and original point is 10 mm. The monitoring reference point is set on the actuator. Acoustic sources 1 and 2 are used to measure the average group velocity of Lamb wave on the laminated composite plate and validate the imaging function of the imaging method. Four simulated damages are applied to validating the function of the damage imaging method. The method of applying simulated damage to the structure is bonding a mass block on damage position to change the local stiffness of the structure [13] . Table 2 gives the positions of acoustic sources and simulated damages which are relative to the center of the sensor array. Angle is defined according to counterclockwise direction relative to the Y axis. The distance and angle of Table 2 is relative to the center of the sensor array. The instrument used in the experimental study is an SHM scanning system developed by the Aeronautical Science Key Lab for Smart Materials and Structures of Nanjing University of Aeronautics and Astronautics [17] . In the experimental, five-peak waves of 50 kHz and ±70 Volts are used as an excitation signal. The sampling rate is 5 MHz. The sampling length is 4 000 samples including 500 pre-samples. The trigger type is analog trigger and the trigger source is set to be excitation signal.
Experimental process is as follows: 1) When the structure is in healthy state, Lamb wave is excited in structure by acoustic sources 1 and 2 respectively. The signals in the structure are responded by sensor array. Then the acoustic imaging is done to validate the feasibility of the imaging method. In this step, health signals shown in Fig. 6 are the Lamb wave response signals, and the damage signals are set to be zero. 2) When the structure is in healthy state, Lamb wave is excited in the structure by the actuator. The signals in the structure are responded by the sensor array. The response signals are the health data.
3) The simulated damages numbered 1 to 4 are applied to the structure and the damage signals are acquired, respectively. 4) Damage imaging is done based on the health signals and the damage signals acquired in process 2) and process 3) to validate the damage imaging function of the imaging method. Fig. 9 gives a waterfall plot of response signals excited by acoustic sources. They show well the wave front of the direct wave of the Lamb wave response signals. The imaging results are shown in Fig. 10 in form of angle-time. The actual angles of acoustic sources relative to sensor array are 115º and 68º, respectively. The imaging results are 113º and 67º, which show that acoustic sources can be imaged by this method and the incident angles can be estimated. If the group velocity of Lamb wave in the structure is known, the figure can be changed to angle-distance. For acquiring the group velocity of Lamb wave, Fig. 11(a) gives the exciting signal input on acoustic source 1 and the response signal of sensor 4 in the sensor array. Fig. 11(b) shows the modulus plot of the two signals transformed by complex Shannon wavelet. The relative time of the maximum value of the two modulus is the time of the signal propagation [18] . So the velocity can be calculated by the distance between acoustic source and the sensor and the time of the signal propagation. The average velocity is calculated to be 1 550 m/s.
Signal processing
According to the velocity and monitoring reference point, damage imaging can be done. Figs. 12(a)-(d) show the imaging results of damage of the four simulated damages respectively. The images are in the form of angle-distance. So the position of the damages can Table 3 . The errors of angle and distance estimated by the images are in the range of 5° and 5 mm, respectively. Fig. 12 Imaging results of four simulated damages in form of angle-distance. 
Conclusions
This paper proposes a damage imaging method which is based on spatial filter and complex Shannon wavelet transform. It avoids using structural parameters to calculate equivalent bending stiffness of structure to simplify the phase information in signal synthesis process. So it can be applied to composite structures.
(1) The method of constructing analytical signals of PZT sensor array which is based on the complex Shannon wavelet transform is proposed and discussed.
(2) The damage imaging method which is depending on the principle of spatial filter and the analytic signals is discussed in details including sensor array discretiztion, the method of converting the damage image to the form of angle-distance and the damage imaging process.
(3) The damage imaging method is tested by acoustic source imaging and is validated on a laminated composite plate which is a surface of the aircraft oil tank. The thickness of the laminated composite plate is non-uniform. The validating results show that this method can estimate damage position based on the form of angle-distance of image.
